High quality PbI 2 films are prepared by a new route based on iodination of solution processed PbS films at room temperature. The PbI 2 films are characterized by a highly textured morphology with flake-like particles sizing 500 and 800 nm across. Quantitative X-ray diffraction and resonance Raman spectroscopy demonstrate the crystallization of highly phase pure 2H-PbI 2 with lattice parameters: a = 4.5505(9) Å, c = 6.9784(14) Å. Electronic structures and vibrational modes are calculated employing DFT. Transmittance and reflectance measurements are characterized by a sharp absorption edge corresponding to a direct band gap transition of 2.41 eV. Photoelectrochemical measurements carried out in 0.1 M KI solution showed that the material behaves as a p-type semiconductor with an apparent donor concentration of the order of 10 15 cm À3 as well as stable photoresponses associated with hydrogen evolution with nearly 50% incident photon-to-current efficiency. Quantitative analysis of the spectral and potential dependence of the photocurrent responses shows that surface recombination is negligible even at the flat band potential. We conclude that I À species stabilizes the semiconductor surface, generating an ideal semiconductor/electrolyte junction, while enabling the transfer of minority carrier from the conduction band edge dominated by lead antibonding p-orbitals
Introduction
Lead Iodide (PbI 2 ) currently occupies a highly prominent role in the field of photovoltaics as a key precursor in the generation of organo-lead halide absorber layers [1, 2] . These materials are characterized by high light capture-cross sections, remarkably long carrier life-times and high collection efficiencies, yielding power conversion efficiencies values as high as 22% [3, 4] . A variety of protocols have been reported for the conversion of PbI 2 into perovskites such as methyl-ammonium lead iodide leading to a variety of microstructures [5] [6] [7] [8] [9] [10] [11] [12] . A fundamental issue that remains unresolved is the role of unconverted PbI 2 in the performance of these devices [13] [14] [15] [16] . In this regard, there are no reports about key properties of PbI 2 as photoelectrode, including carrier diffusion length, band edge positions and dynamics of interfacial recombination [17, 18] . PbI 2 is characterized by a band gap in the range of 2.3 to 2.6 eV and a "pseudo" 2D structure resembling that of CdI 2 [19, 20] . Each PbI 2 slab consists of a Pb layer embedded between two I layers, where the Pb is coordinated to six I atoms forming nearly an octahedron while I is bonded to three Pb atoms in trigonal pyramid geometry. Each of these PbI 2 slabs interact weakly with neighboring slabs giving rise to different stacking patterns, leading to various polytypes which have been investigated in single crystals mainly by Raman and photoluminescence spectroscopy [21] [22] [23] [24] [25] [26] . The preparation of PbI 2 single crystals has been reported by a variety of approaches, including Bridgeman based methods, vapor assisted growth, the hot wall technique or gel-assisted methods [19, [27] [28] [29] [30] [31] . Polycrystalline thin films are commonly deposited by vacuum evaporation of PbI 2 powders or spin/spray coating of dissolved PbI 2 particles [20, [32] [33] [34] . Towards the preparation of organo-halide Pb perovskites, PbI 2 films are conventionally deposited by spin/or spray coating from DMF solutions. However, there are two main disadvantages of this route: (i) film conformity over large area is difficult to achieve due to the low solubility of PbI 2 , and (ii) films tends to be highly compact, requiring prolong exposures at elevated temperature to allow complete diffusion of the organic ligand [16, 31, [35] [36] [37] .
In this article, we describe an entirely new approach for depositing phase pure PbI 2 films displaying high quality optoelectronic properties. The two-step method consists of solution processing of a PbS thin films followed by gas phase iodination at 200 C. The structure and optical properties of the films were investigated by, X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM), Raman spectroscopy, diffuse reflectance and room temperature photoluminescence. Experimental analysis, supported by ab-initio Density Function Theory (DFT) calculations, clearly demonstrated the generation of the 2H-form of PbI 2 with a high degree of phase purity. For the first time, we show that PbI 2 can act as a stable photocathode for hydrogen generation exhibiting negligible surface recombination even at the flat band potential. We conclude that I À in solution stabilizes the surface of PbI 2 , suppressing photodecomposition and enabling the transfer of minority carriers via the Pb antibonding p-orbitals.
Experimental

PbI 2 synthesis
PbI 2 thin films are deposited by an anion replacement technique, involving iodination of PbS films. PbS is deposited on F-doped SnO 2 (FTO, Aldrich) by spin-coating a metal-organic precursor solution containing lead acetate (6 M) and thiourea (6 M) dissolved in acetic acid. Spin-coating is carried out at 2000 rpm for 30 seconds, followed by thermolysis at 200 C in air for 5 mins, resulting in about 450 nm thick film. The PbS films are exposed to 100 mg of I 2 a closed lid petri dish heated to 200 C for 10 min. PbS conversion to PbI 2 is clearly visible within minutes. The PbI 2 films are removed from the iodination petri-dish, and subsequently rinsed with ultrapure water and methanol in order to wash any superficial I 2 or other by-products, followed by drying with high purity Argon.
Instrumentation
Structural analysis was carried out using powder X-ray diffraction (Bruker D8 Advance), with quantitative Rietveld structure refinement employing the Fullprof software suite. Pseudo-Voigt functions were used as fitting functions. Raman spectra were recorded at room temperature using a 514 nm laser excitation (Renishaw, inVia). Film morphology was imaged with a scanning electron microscopy (Jeol iT300) at 20 kV with secondary electron detector (films were coated with a 15 nm layer of C). The elemental composition of films is measured using Oxford x-max 80 mm 2 Energy Dispersive Analysis of X-rays, EDAX detector coupled to the SEM. Transmittance and reflectance spectroscopy of films is performed using a UV-vis spectrometer (Shimadzu 2600). Photoluminescence spectrum is measured at 80 K with 514 nm laser excitation source (Renishaw, inVia 
DFT calculations
Ab-initio DFT calculation on PbI 2 are done with CASTEP suite. All the calculations are performed using a PBESOL functional, with norm conserving pseudopotentials and a Monkhorst À Pack k point mesh of 11 Â11 Â 8. It must be mentioned here that although the norm conserving pseudopotentials for Pb does account for relativistic effects but remaining non-relativistic effect responsible for spin-orbital coupling is beyond plane-wave code employing norm conserving pseudopotentials thus spin-orbit spitting at band edges are disregarded. For geometry optimization the energy cut off and convergence window is set to 910 eV and 1 Â10 À6 eV, 
Results and discussion
Fig . 1a shows a characteristic X-ray diffractogram of a PbI 2 films along with quantitative structure refinement fits using Rietveld analysis. The diffractrogram is consistent with a highly polycrystalline form. The quantitative structure refinement shows an excellent fit to the PbI 2 phase, with profile and weighted profile correlation fit parameters: R p and R wp of 2.22 and 3.01%, respectively. The analysis confirms a highly phase pure trigonal PbI 2 with the space group P-32/m1 as illustrated in the inset of Fig. 1a . This space group is characterised by a D 3 d point group symmetry, which is consistent with 2H-polytype of PbI 2 . XRD analysis showed that the lattice parameters for the PbI 2 unit cell correspond to a = 4.55054 AE 0.00093 Å and c = 6.97847 AE 0.00142 Å. The site coordination of Pb and I atom along with their occupancies resulting from the structure refinement can be found in the supplementary Information (Table s1 ). In accordance with previous structural studies [38] , we observed that each Pb atom is in proximity to three I atoms forming a trigonal pyramid shape, where I is located at the summit, the Pb-I distance is 3.2091(10) Å and the angle centred at Pb-I-Pb is 90.31 (6) oo . Each Pb is coordinated to 6 I atoms (octahedral coordination). Each of unit cell includes two of such of pyramids facing each other by the apex I atom lying at body diagonal of cell and distance between them being 4.2125(18) Å, isolating each PbI 2 slab. A schematic of the unit cell is depicted as inset to Fig. 1 . EDAX measurements showed a Pb/I elementary ratio of 32.1%/67.9%, corresponding to a slight I excess. Fig. 1b illustrates a room temperature Raman spectrum of the PbI 2 film obtained with excitation at 514 nm. Considering a 2H-polytype, 9 degrees of freedom and corresponding normal modes can be expected via the following irreducible representation:
G optic = A 1g + E g + A 2u + E u and G acoustic = A 2u + E u . The Raman active A 1g and E g modes involve symmetric stretching and shearing of two Iodine atoms, respectively. On the other hand, The A 2u and E u modes occur in the far IR region, involving the vibration of the Pb layer against the I layer either in perpendicular (A 2u ) or in parallel (E u ) to the basal plane. For the sake of clarity, animations of the key Raman modes are presented in the SI. Raman spectrum calculated by density functional perturbation theory (DFPT), (Figure s1 ) shows two bands due to E g and A 1g modes at 81 and 97 cm À1 , respectively, consistent with literature values of about 76 and 97 cm À1 [22] . In addition to the main Raman mode, the spectrum in . These peaks are associated with forbidden modes enabled by resonant Raman Effect. As the excitation energy is closed to the band gap energy, forbidden and allowed modes can be coupled through higher order terms, resulting in the appearance of A 2u (LO) mode at 112 cm
À1
. Stronger LO mode responses with respect to the active A 1g mode has been observed when the c-plane of the PbI 2 flakes (or crystals) is oriented antiparallel to the incident excitation [39] . As shown below, this appears to be consistent with film morphology. The other peaks can be assigned to either higher order or combination modes (Fig. 1b) , while the absence of Davydov splitting suggests that no 4H-PbI 2 polytype is present in detectable amounts [22] . Consequently, X-ray diffraction and Raman spectroscopy provides conclusive evidence that the gas phase anion replacement method leads to phase pure 2H-PbI 2 .
The band structure shown in Fig. 2 is obtained by ab-initio DFT plane wave calculations and PBESOL functionals. Geometry optimization yielded a Pb-I bond distance and Pb-I-Pb bond angle of 3.1739 Å and 91. 13 , respectively, with lattice constants of a = 4.5326 Å and c = 6.9863 Å. The calculated structure parameters are within 1% of the experimental values obtained from the XRD measurements. The conduction band minimum (CBM) and valence band maximum (VBM) lie at special point A, with a direct band gap of 2.052 eV. The band gap value is somewhat underestimated, which is a consequence of using GGA functional. The absorption and reflectivity spectra computed from these calculations are shown in the supplementary Information (Figure s2) . Flat regions at the top of valence band are confined to an energy range of 0.87 eV, which is consistent with rather localized orbitals. On the other hand, the conduction band disperses over a range of 2.21 eV due to hybridised nature of the orbitals.
The total density of states along with the partial density of states of participating Pb and I atoms are shown in Fig. 2b . Strongly localised bands at around À16, À11 and À8 eV are linked to Pb 5d, I s and Pb s orbitals, respectively. Pb and I s orbitals also generate bands above the bottom of the conduction band. The major contribution to the VBM arises from I 5p z orbitals, with small contributions from Pb 6 s and 6p z orbitals, while the two bands below the VB composed of 6p x and 6p y exclusively. The CBM minimum is composed of the antibonding orbitals with 2/3 participation of Pb 6p z and 1/3 from I s and 5p z orbitals. It should be mentioned that the expected splitting of the Pb p orbital is not observed due to the fact that spin-orbital coupling are excluded from the Hamiltonian. Fig. 3a displays a characteristic SEM image of PbI 2 films obtained by the gas phase anion replacement method, exhibiting a remarkable homogeneity over several tens of micrometers. A closer examination (Fig. 3b) shows individual PbI 2 crystallites with the c-plane predominantly oriented antiparallel to the substrate plane. The particle sizes range from 500 to 800 nm across and 200 to 300 nm thick, while The quasi-2D structure of the grains is inherent to PbI 2 [27, 32, 40] . The cross-sectional image in Fig. 3c further demonstrates the highly compact nature of the film, with a thickness of 1.8 mm. In addition to the film surface homogeneity, this method also provides fine control over film thickness by adjusting the amount of PbS molecular precursor spin coated at the substrate.
The transmittance and reflectance spectra of a PbI 2 film are shown in Fig. 4a , revealing a sharp transition with an onset at 2.45 eV. This transition corresponds to fundamental band-to-band excitation. The absorption coefficient (a) calculated from the optical data is of the order of 10 4 cm À1 for wavelengths below 2.41 eV and is in agreement with calculated spectrum (Figure s2 ). The inset in Fig. 4a shows the Tauc plot revealing an optical band gap of 2.41 eV, which is consistent with previous studies [41] . The photoluminescence spectrum of PbI 2 films at 80 K is displayed in Fig. 4b , showing a number of sharp features near the absorption edge (region I) and a broad band below 1.8 eV (region II). The peak at 2.1 eV, commonly referred to as the G-band, is attributed to excited Pb + or Pb 2+ centres [42, 43] . The peaks in the region 2.33-2.36 eV (D-band) are prominent features in cases where excitation and emission collection take place off the PbI 2 c-plane, suggesting that these responses are associated with stacking faults (although surface Pb + states have also been postulated) [39, 43, 44] . The broad peak in region II may be linked to bulk sub-band gap states. Fig. 5a displays the interfacial capacitance at the PbI 2 / electrolyte junction, containing 0.1 M KI, as function of the electrode potential. The capacitance was calculated from impedance responses at 2 kHz. Only a small variation of the capacitance was observed over a wide range of frequencies. The Mott-Schottky plot shown in Fig. 5b exhibit a linear behaviour over a large potential range until the flat-band value (E fb ). This behaviour is consistent with an ideal semiconductor/electrolyte junction operating under band edge pinning conditions. The Mott-Schottky equation (1) relates the capacitance at the space charge layer with the corresponding potential drop (E fb À E):
where, N A is the number of acceptor states (doping density), A is the surface area and e is the relative permittivity of PbI 2 (taken as 7.5) [41] . The slope of Mott-Schottky plot is consistent with a ptype semiconductor with an effective N A = 1.6 Â 10 15 cm
À3
. The relatively small value of N A is consistent with the low dark conductivity commonly observed in these materials [45] . It should also be mentioned that our analysis may overestimate the value of N A given that the capacitance is normalized by the geometric surface area of the electrode. The value of E fb extrapolated from the Mott-Schottky plot corresponds to 0.175 V vs Ag/AgCl. As far as we are aware of, this is the first estimation reported of the flat-band potential of PbI 2 electrodes. Fig. 6a shows photocurrent transients as a function of the photon flux (516 nm) at À0.4 V. The negative photocurrent implies p-type conductivity in agreement with the Mott-Schottky analysis. The linear dependence of photocurrent on photon flux as well as the sharp onset and decay in-phase with the trigger square light pulse strongly suggests the absence of surface recombination at this potential. Even more remarkable is the weak potential dependence of the photocurrent transient shown in the linear sweep voltammogram display in Fig. 6b . The photocurrent magnitude increases as the potential is swept towards negative values, with a sizeable value at the flat band potential. High concentrations of I À in the electrolyte solution at neutral pH was found crucial for the stability of the PbI 2 in the dark and under illumination.
The photocurrent action spectra of the PbI 2 films recorded at À0.5 V vs Ag/AgCl in Ar-saturated 0.1 M KI is displayed in Fig. 7a . The photocurrent magnitude were recorded under chopped illumination and lock-in detection (27 Hz) and normalised by the photon flux measured by a calibrated Si photodiode, including reflection losses estimated from the reflectance spectra (Fig. 4a) . The quantum efficiency (QE) shows an onset at 2.35 eV, followed by a step increase to 50%. The first derivative of the EQE plot near the onset shows a narrow peak located at 2.42 eV (data not shown), which is fully consistent with the optical band gap obtained from the Tauc plot (Fig. 4a) . No sub-band gap photoresponses were observed in our films. Fig. 7b displays the dependence of the QE at 2.5 eV on the applied potential employing chopped illumination and lock-in detection (27 Hz) . In agreement with Fig. 6b , the photocurrent magnitude show a slight increase as the potential is negatively swept. Fig. S3 shows the real and imaginary component of the photocurrent for three different electrodes. These trends clearly show that the photocurrent essentially remains in-phase at the flat band potential, confirming the absence of recombination losses. The figure also illustrates the reproducibility of the film properties, with dispersion of the photocurrent responses below 5%.
In the absence of O 2 , cathodic photocurrents can originate from only two processes: (1) photo decomposition of PbI 2 leading to I À in solution and Pb metallization or (2) the hydrogen evolution reaction. We have operated the photoelectrodes for over 180 minutes across a wide potential range below 0.17 V without any significant loss of photoactivity, strongly suggesting that cathodic photocorrosion is negligible. It could also be argued that traces of I 2 and/or I 3
À could be present in the electrolyte solution which may act as electron acceptor. However, this is not consistent with the fact that photoresponses are not limited by diffusion of electron acceptors in solution. Indeed, photocurrent responses remain in-phase and linearly dependent with the photon-flux for values above 10 mA, indicating that hydrogen evolution is the primary redox processes under illumination. The spectral and potential dependence of the QE can be described, as a first approximation, in terms of the Gartner expression [46, 47] ,
where L n is the carrier diffusion length and w is the width of the space charge region, given by:
Using the absorption coefficient (a) estimated from the optical data (Fig. 4a) and the apparent N A obtained from the impedance data, simulations of the QE responses (red lines in Fig. 7a and b) resulted in L n of the order of 80 nm. The small differences observed between experimental and simulated QE values in Fig. 7b are mainly linked to other reflection losses not considered in the analysis (e.g. air/cell window and cell window/electrolyte boundary). The light penetration depth calculated from the absorption coefficient at the band edge is approximately 280 nm, which is larger than the characteristic carrier retrieval distance given by L n + w % 200 nm [48] . This analysis strongly suggests that the QE is mainly determined by bulk recombination processes.
A striking proximity between experimental and modelled potential dependent QE is also observed in Fig. 7b . There is a slight discrepancy at potentials very close to E fb which may results from uncertainties in the N A value or a degree of Fermi level pinning. This is not entirely surprising given the surface texture of the PbI 2 films. However, our analysis does confirm that surface recombination losses are insignificant even at the E fb . Such behaviour has only been observed on semiconductor single crystals in the presence of fast minority carrier scavengers, which may also promote surface stabilisation [49] . We propose that the stabilisation introduced by I À in solution enables minority carriers mainly localised at the antibonding Pb p-orbitals to be captured by water, promoting hydrogen evolution rather than Pb metallisation. It should be mentioned that the conduction band edge is more negative than À2.2 V vs Ag/AgCl (-1.59 V vs RHE), providing a large driving force for hydrogen evolution. Indeed, the ideal behaviour of the semiconductor/electrolyte junction indicates that the quasi-Fermi level of electrons is effectively determined by the conduction band edge. Such outstanding photoactivity towards the hydrogen evolution reaction at neutral pH, in the absence of co-catalyst, is rather unexpected from polycrystalline semiconductor thin-film. The low recombination rate could also be linked to the splitting of the conduction band edge at the G point as a result of spin-orbit coupling introduced by lead orbitals [50, 51] . The so-called "Rashba splitting" is widely considered as the key phenomenon behind the long carrier life-time in organo-lead halide perovskites [52] .
Conclusions
A new method for generating high quality PbI 2 films is described based on solution processing of PbS followed by gas phase iodisation at 200 C. The films are compact, exhibiting flake like crystallites with sizes in the range of 500 to 800 nm. Quantitative XRD and Raman analysis, supported by DFT calculations demonstrated the formation of the 2H-form of PbI 2 with a very high degree of phase purity. Diffuse reflectance/ transmittance and photoluminescence spectroscopy are consistent with a direct band-gap transition and 2.41 eV. Photoelectrochemical studies in KI containing solution show characteristic responses of p-type electrodes with an effective acceptor density of the order or 10 15 cm À3 . Quantitative analysis of the potential and spectral responses of the photocurrent responses demonstrates that the I À species stabilises the semiconductor surface, while no evidence of surface recombination are seen even at the flat band potential. The photocurrent responses are stable over time allowing to conclude that hydrogen evolution reaction is essentially determined by the flux of minority carriers to the thin-film surface. The absence of surface recombination in this material may also point towards a fundamental aspect of Pb based absorbers which could be linked to the outstanding properties of organo-halide Pb perovskite systems. Indeed, the structure and topography of these PbI 2 films may provide an ideal platform for generating high quality CH 3 NH 3 PbI 3 absorbers.
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